This work presents a detailed investigation of the preparation routine for the multi-metal . Raman analysis showed that the monomeric motif of the Anderson-type tellurate is preserved after addition of the Nb precursor and the subsequent spray-drying process. Calcination of the X-ray amorphous spray-dried material in air at 548 K seems to be the essential step, leading to a re-arrangement of the tellurate building blocks, generating nanocrystalline precursors of the phases finally established during treatment in helium at 873 K.
Analysis of Structural Transformations during the Synthesis of a MoVTeNb Mixed Oxide Catalyst
P
Introduction
Natural gas and petroleum refinery off-gases represent abundant resources of lower alkanes. Recently, much effort has been undertaken to develop novel selective oxidation catalysts that convert these alkanes into more valuable petrochemicals. However, due to the low polarity of the C-H bonds in saturated hydrocarbons, their effective activation is a challenging task. Furthermore, increased reactivity of intermediates like olefins involves the risk of consecutive reactions including C-C bond cleavage or deep oxidation leading to unwanted oxygenates and, finally, to CO x . In this regard, the direct conversion of propane to acrylic acid has attracted much attention in academic and applied research [1] [2] [3] [4] . Molybdenum oxide modified with oxides of vanadium, tellurium and niobium is highly effective in this reaction. As a result of empirical catalyst optimization, acrylic acid yields close to 50% were achieved with a catalyst composed of Mo, V, Te and Nb in the molar ratio 1 : 0.30 : 0.23 : 0.125 [5, 6] . [3, 7] . However, the major focus of attention lies on two structures, originally termed as M1 and M2, respectively, by Ushikubo et al. [8] . Very recently, detailed structural models of the orthorhombic M1 and M2 phase, respectively, have been reported (Figure 1 ) [9] . Using transmission electron microscopy, neutron powder diffraction and synchrotron X-ray powder diffraction, the M1 structure was refined as a mixed metal molybdenum bronze with structural modules similar to the molybdenum sub-oxide Mo 5 O 14 [10] . Sharing corner oxygen atoms, MO 6 octahedra (M = Mo, V) are assembled into layers in the ab-plane while hexagonal and heptagonal channels are formed along the c-axis by stacking these layers via metal-oxygen bonds. The channels are partially filled with TeO units. Niobium fully occupies pentagonal bipyramidal sites. The formula of the refined unit cell has been stated as Relations between phase composition and catalytic performance of MoVTeNb mixed oxides as well as the function of each individual constituent are matters of ongoing discussions. It has been recently assumed that both phases M1 and M2 could be involved in the selective oxidation and ammoxidation of propane with M1 being the catalytically most effective phase for the conversion of propane to acrylonitrile and acrylic acid, respectively [2] . M2 on its own does not activate propane, but converts propylene. At high conversions, physical mixtures of the two phases showed symbiosis in the ammoxidation of propane when brought into intimate contact with each other [11] . The outstanding catalytic activity of M1 in propane oxidation has been ascribed to the presence of V 5+ centers, which are assumed to be absent in M2 [2] .
A different approach is based on structural considerations only. Thus, the high performance of M1 has been attributed to the distortion of the octahedra in the unique heptagonal arrangement of M1, which might give rise to highly active lattice oxygen [1] . Ueda et al. demonstrated that catalytic activity can be achieved by hydrothermally synthesized M1 phase-pure material alone, without the need for any other elements than
Mo and V, although the yield of the orthorhombic M1 phase in the hydrothermal synthesis of MoV was less than 10% [12] . It appeared that tellurium is not necessarily required for phase formation, yet, indications have been found that the thermal stability of the M1 phase is enhanced by addition of Te [1] . Moreover, Te 4+ was considered to play an important role as active site in the formation of oxygenated products [1] . It was speculated that Te modifies the strength of surface acid sites from strong for deep oxidation to moderate for acrylic acid formation [13] . Tellurium-containing phases have been proposed to be involved in the O-insertion step [14] .
The mode of action of niobium has been less thoroughly studied. In general, the selectivity to acrylic acid is increased by niobium addition. Either site isolation effects [15, 16] , or an influence of Nb on the morphology and the chemical composition of the catalyst surface [16] have been discussed.
Although, in many cases, the final catalyst has been the object of investigation, the preparation of MoVTeNbO x catalysts has been studied to a lesser extent. However, the preparation parameters are reported to have a significant effect on the catalytic activity [6, 17] . In the present work we deal with self-assembling processes of polyoxoanions involved in the preparation of a MoVTeNb oxide catalyst in solution. We confined ourselves to the single formulation Mo 1 V 0.30 Te 0.23 Nb 0.125 O x , which has been claimed to give the highest yields of acrylic acid in selective propane oxidation [5] . Our aim was to elucidate the impact of chemical reactions in solution on the nature of the dried, calcined and activated material. In the course of the catalyst genesis, formation and rearrangement of molecular building blocks have been monitored by in-situ Raman spectroscopy. The bulk structures of precursors and final catalyst were analyzed by Xray diffraction, while the microstructure was studied by scanning electron microscopy.
Options to control and direct the MoVTeNb oxide synthesis will be discussed. Combined thermogravimetric and differential scanning calorimetric analysis (TG-DSC) was performed using an STA 449 C Jupiter apparatus (Netzsch). 48 mg of the spraydried precursor material were first heated to 548 K at 10 K/min in 100 ml/min of 21% oxygen in nitrogen. After the sample was cooled to room temperature, the gas flow was switched to 100 ml/min Ar and the sample was heated to 873 K at 2 K/min. The gases evolved during thermal analysis were analyzed by transfer through a heated (393 K), fused silica capillary to a Thermostar quadrupole mass spectrometer (Pfeiffer Vacuum).
X-ray diffraction measurements were performed with a STOE STADI-P transmission diffractometer equipped with a focussing primary Ge (111) monochromator and a position sensitive detector, using Cu-Kα 1 radiation. The program Topas (v.2.1, Bruker AXS) was used to fit the diffraction pattern of the calcined material.
The sample morphology was studied with a Hitachi S-4000 FEG Scanning Electron
Microscope (SEM). The micrographs were taken with an accelerating voltage of 5 kV in the SE (Secondary Electron) mode. The EDX (Energy Dispersive X-ray analysis) data
were measured with an EDAX Sapphire-detector on an EDAX-DX4 system. The accelerating voltage of the spectra was 25 kV (sample 349) and 15 kV (sample 381), respectively.
Results

Raman spectroscopy on solutions
The low Raman cross-section of water makes Raman spectroscopy a suitable analytical octamolybdate. This pH and temperature dependent process is well known for the given concentration [19] and can be recognized in the Raman spectrum by the appearance of the shoulder at 955 cm -1 (Figure 2b ) [20, 21] . However, heptamolybdate remains the main species at 353 K detectable by its characteristic Mo=O stretching bands at 937 and 893 cm -1 (Figure 2a,b ) [22] .
The spectrum of the light yellow ammonium metavanadate (AMV) solution (pH=5.7) at 353 K exhibits a peak at 944 cm -1 and a weak shoulder near 900 cm -1 (Figure 2c ). Such bands have been observed with aqueous AMV solutions, albeit, in the pH range from 9.6 to 8 [23] . The peaks were assigned to ν VO2 (sym.) and ν VO2 (as.) modes, respectively, of cyclic (VO 3 ) n n-species in which VO 2 units are linked by single oxygen bridges [23] .
The spectrum of the colorless solution of hexaoxotelluric acid at 296 K (pH=3.7) shows a single peak at 644 cm -1 due to ν(TeO) vibrations [24] (Figure 2d ).
Bands at 942, 919 and 570 cm -1 assigned to Nb=O and Nb-O stretching vibrations, respectively, were observed with the ammonium niobium oxalate solution (pH=0.8, T=296 K) [25] (Figure 2e) . A summary of Raman bands measured is given in Table 1 . [29] . Taking this into account, the spectral pattern in Figure 3b could also be interpreted in terms of 
Raman spectroscopy on the spray-dried precursor
When finally the strongly acidic (pH=0.8, T=296 K) niobium oxalate solution is added to the ternary mixture of Mo, V and Te at 296 K, the pH drops to 3.2 and a precipitate is formed after an induction period of several seconds. We were unable to record a Raman spectrum before precipitation occurred. After spray-drying of the gel-like precipitate, a fine orange powder was obtained. For a better comparison of the structural effect of the addition of niobium oxalate to the ternary MoVTe solution, we spray-dried the latter before adding niobium oxalate and plotted the two spray-dried samples together ( Figure   5 ). The band pattern of the ternary MoVTe solution (Figure 3b) is retained in both spray-dried samples. Interestingly all bands appear much broader after the addition of niobium oxalate.
Thermal activation
As described in the patent literature, the activation procedure of the . First, the precursor was calcined in synthetic air at 548 K (heating rate 10 K/min) and held at this temperature for one hour. The resulting material is designated as calcined material. In a subsequent step, the calcined material was heated from room temperature to 873 K with a rate of 2 K/min in helium. The final temperature was maintained for two hours. The obtained material is designated as activated catalyst. We have studied the thermal activation by combined TG-DSC-MS analysis and by X-ray diffraction.
Thermal analysis
During heating in 21% O 2 to 548 K, we can discern four endothermic signals with 3% at about 780 K shows no gas phase products. The lack of a signal in the MS indicates that the gas phase products, most likely metal suboxides, condensed before the MS inlet. The last two mass losses do not occur if the sample is heated to 873 K in 21% oxygen (not shown).
X-ray Diffraction
Both the spray-dried precursor (349) and the calcined material for M1 and M2 of reference [9] , which were obtained for relatively pure phases. The actual stoichiometry of the M1 and M2 phases in our mixture may be different, assuming that the crystal structures allow for some variation in composition, which is hinted by the variations observed in the lattice parameters Figure 11 shows characteristic SEM images of the spray-dried MoVTeNb precursor (349). All particles are spherically shaped with an uneven surface, which contains several types of dents caused by the drying process. The diameter of the mostly hollow particles varies within 1 and 40 µm. Independent of magnification, EDX analysis at different spots exhibits a homogeneous elemental distribution ( Table 3) .
Scanning electron microscopy
The final activated catalyst (381) (Figure 12) consists of particles, which resemble in shape and size very much the particles of the spray-dried precursor (349). However, EDX reveals a more heterogeneous distribution of the elements ( Table 4) . Some spheres are composed of small crystals, which possess a chemical composition close to that of the M1 phase, although the vanadium content is higher (spot 1 and spot 3). These crystals are partly covered by other particles that look like molten material. Elemental analysis of these areas shows a composition close to that of the M2 phase (spot 2).
Between the spheres some platelets were found that seem to be a ternary MoVTe compound (spot 4). Crystals of elemental tellurium also were observed (spot 5). The presence of elemental Te in MoVTeNb mixed oxide catalysts has been reported before, e.g. [6] .
Discussion
When molybdenum oxide is modified with V oxide and minor amounts of Te and Nb oxide, the resulting material attains outstanding catalytic performance in selective oxidation of propane to acrylic acid. The catalytic performance strongly depends on the preparation method applied. The highest yields of acrylic acid have been achieved with catalysts prepared according to the so-called "slurry method" [18] . As described in the experimental section of this paper, this rather complex procedure consists of several steps which are in part highly sensitive to the preparation parameters. First of all, chemical equilibria in the initial polyoxometalate solutions are influenced by temperature, concentration, and pH. Consequently, the nature of isopoly and heteropoly anions formed and the degree of condensation and/or protonation strongly depends on the parameters mentioned. Moreover, it has been reported by Oliver et al. that the pH of the slurry determines the crystallinity and nature of the phases generated in the subsequent thermal treatment [14] . The drying process is critical as well. Lin et al.
observed high catalytic activity only after spray-drying [32] . Phase separation tends to occur when other drying techniques were applied, such as freeze-drying. Heating rates, gas composition and flow rates during thermal activation also affect the characteristics of the final product [6] . Therefore, it is not surprising that attempts to reproduce the catalytic benchmarks reported in the patent literature might fail occasionally, a matter of fact that requires systematic inspection of the preparation procedure.
Optimization of the MoVTeNb system can only be achieved, if every single operation is fully understood and its effect on the subsequent operation can be controlled. Recently, such a knowledge based strategy has led to the successful preparation of a atmosphere. Under these conditions, MoO 3 and Te could be involved in solid-state redox reactions as described by Bart et al. [33] and may also affect the surface arrangement.
Conclusions
It can be concluded from this work that the pre-assembling of polyoxometalates as existing on top and in between the crystalline particles has to be taken into consideration as well. Therefore, much more room for optimization remains. In fact, a novel strategy for a knowledge based preparation routine is likely to yield better material with increased activity for partial oxidation catalysis. Finally, the stability of a specific phase under reaction conditions must be accounted for and brought into discussion. The particular active phase in the current catalyst system might be the M1 phase as suggested in the literature, however, the fact that this phase is not formed at all in an oxidative atmosphere cast doubts concerning its stability under reaction conditions. Table 2 Lattice parameters obtained from the XRD fit Table 4 EDX analysis of the final catalyst (381) at different spots (for SEM picture see Figure   12 ) Table 4 .
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